Introduction
Progression through the cell cycle is controlled by a complex regulatory system that ensures the temporal order of events. Cyclin-dependent kinases (CDKs) bound to cyclins are major drivers of the cell cycle. The order of events is maintained by the recognition of specific substrates by cyclin-bound CDK and by the quantitative increase in CDK activity as the cell cycle progresses (Enserink and Kolodner, 2010; Uhlmann et al., 2011) . Each cell cycle stage is coupled to changes in cell morphogenesis to ultimately allow proper partitioning of the genome between two daughter cells. Although there is evidence that CDK either directly or indirectly regulates cell morphogenesis, how cell cycle events coordinate with changes in cell morphogenesis is poorly understood.
Budding yeast is an excellent model organism to study the link between cell cycle and cell morphogenesis. During vegetative growth, budding yeast cells polarize the cytoskeleton and organize membrane growth to form a bud, which becomes the daughter cell. The morphogenetic steps of bud emergence and growth are cell cycle regulated and CDK dependent. A single CDK, Cdc28, functions with nine cyclins to govern the cell cycle (Enserink and Kolodner, 2010) . In G1, polarity establishment and bud formation require the activity of Cdc28 bound to G1 cyclins. Polarity is established through local recruitment of the conserved Rho family GTPase Cdc42, which specifies the site of bud emergence (Adams et al., 1990; Johnson and Pringle, 1990; Ziman et al., 1993; Richman et al., 2002) . The site of Cdc42 polarization is not random. Instead, Cdc42 accumulates at sites designated by spatial cues inherited from the previous division cycle (Howell and Lew, 2012) . Growth is targeted to the bud tip (apical growth) from late G1 through S phase. In G2, Cdc28 binds M-phase cyclins (M-CDKs) and initiates the apical-isotropic switch, and growth occurs uniformly throughout the bud cortex (Farkas et al., 1974; Lew and Reed, 1993) . Bud length depends on the duration of apical growth (Lew and Reed, 1993) . A delay in the apical-isotropic switch prolongs growth at the bud tip, causing elongated buds. In contrast, a premature apical-isotropic switch leads to abnormally spherical buds.
The G2/M transition and the onset of anaphase is regulated by the highly conserved CDK-inhibitory kinase Saccharomyces cerevisiae Wee1 (Swe1) homologue and the phosphatase Mih1 (Cdc25 homologue) that removes the inhibitory phosphate (Gould and Nurse, 1989; Russell et al., 1989; Gould et al., 1990; Booher et al., 1993; Lianga et al., 2013) . Swe1 and Mih1 have only minor roles in an unperturbed cell cycle. swe1Δ cells are somewhat reduced in cell size, whereas mih1Δ cells are increased in cell size (Russell et al., 1989; Jorgensen et al., 2002; Harvey and Kellogg, 2003; Pal et al., 2008) . However, both Swe1 and Mih1 have a central role in the morphogenesis checkpoint, which delays cells at G2 in response to conditions that cause osmotic stress, actin perturbation, septin defects, and disruptions of membrane growth (Lew and Reed, 1995; Sia et al., 1996 Sia et al., , 1998 McMillan et al., 1998; Barral et al., 1999; Alexander et al., 2001; McNulty and Lew, 2005; Anastasia et al., 2012) . In the presence of these perturbations, regulation of both Swe1 and Mih1 activity results in CDK inhibition and a delay before the isotropic switch Pal et al., 2008; Wicky et al., 2011; Anastasia et al., 2012) . In an unperturbed cell cycle, Swe1 protein abundance is periodic, peaking at S/G2 (McMillan et al., 1998; Sia et al., 1998) . The protein is hyperphosphorylated and targeted for degradation at the septin collar at the end of G2 (Kaiser et al., 1998; Sia et al., 1998; Shulewitz et al., 1999; Sreenivasan and Kellogg, 1999; Cid et al., 2001; McMillan et al., 2002; Harvey et al., 2005) . Perturbations that prevent budding or that affect septin organization can result in prolonged Swe1 activity (Barral et al., 1999; Shulewitz et al., 1999; Longtine et al., 2000; Cid et al., 2001; McMillan et al., 2002; Theesfeld et al., 2003; Kang et al., 2016) . Once cells have budded, assembled a septin collar, and inactivated Swe1, the inhibitory phosphorylation on M-CDK is reversed by the Mih1, Ptp1, and possibly PP2A phosphatases, allowing mitosis initiation (Russell et al., 1989; Harvey and Kellogg, 2003; Pal et al., 2008; Kennedy et al., 2016) .
In this study, we address the question of how cells coordinate cell cycle events with changes in morphogenesis in a unique developmental program in budding yeast called return to growth (RTG) , in which cells exit meiosis and resume mitosis if shifted to nutrient-rich medium before the meiotic commitment point (Ganesan et al., 1958; Sherman and Roman, 1963; Simchen et al., 1972; Esposito and Esposito, 1974; Honigberg and Esposito, 1994; Zenvirth et al., 1997; Friedlander et al., 2006; Nachman et al., 2007; Dayani et al., 2011; Tsuchiya et al., 2014) . The switch from meiotic prophase I to mitosis is a particularly intriguing cell cycle transition. Cells bud in G2 rather than G1 as they do in normal mitosis. In addition, cells at the end of prophase I have replicated DNA and undergone meiosis-specific events such as the initiation of recombination, pairing of homologous chromosomes, and assembly of synaptonemal complex (Fig. 1 A; Winter, 2012) . Remarkably, upon nutrient-rich medium addition, cells disassemble the synaptonemal complex, repair recombination intermediates, bud, and then undergo a mitotic division (Dayani et al., 2011; Winter, 2012; Tsuchiya and Lacefield, 2013) . Hence, cells undergoing RTG bud in G2 after DNA replication, reversing the normal order of events that occur during mitosis. We investigated how cell cycle regulation is modulated to coordinate polarity establishment, bud formation, and timely nuclear division during RTG. We find an important role in regulating Swe1 activity during RTG to properly coordinate polarized growth with cell cycle events. Furthermore, our results establish that prolonged activation of the morphogenesis checkpoint in both RTG and normal mitosis can be detrimental.
Results
Bud site selection is random during RTG During normal mitosis in budding yeast, the location of the bud site does not occur at random. Instead, cells inherit cortical landmark proteins that determine the site of Cdc42 recruitment. Once accumulated and activated, Cdc42 catalyzes downstream events for bud formation (Bi and Park, 2012) . Diploid budding yeast cells bud in a bipolar pattern in which mother cells bud either adjacent to or opposite from the previous division site; daughter cells bud opposite from the division site (Fig. 1 B ; Freifelder, 1960; Chant and Pringle, 1995; Harkins et al., 2001) . Whether bud site selection spatial cues are maintained in meiosis and used in RTG for a bipolar budding pattern is not known.
We compared the pattern of bud site selection in RTG and mitosis by staining cells with calcofluor, which binds chitin in the cell wall and marks birth and bud scars from the previous division site (Pringle, 1991) . We grew cells in medium with calcofluor and used time-lapse microscopy to detect the new bud site with respect to the scar. To observe RTG, we allowed cells to reach prophase I and then added nutrient-rich medium with calcofluor and observed the first bud. Cells had a deletion of NDT80, which encodes a transcription factor needed to exit prophase I; thus, these cells were arrested in prophase I at the time of nutrient addition (Xu et al., 1995; Winter, 2012) . Fig. 1 (C and D) shows calcofluor-stained cells in RTG and mitosis, respectively, both before (left) and after (right) budding. We analyzed cells with only one scar to definitively identify the previous division site. We measured the central angle between the previous division site and nascent bud. Cells in RTG did not bud with a bipolar pattern but instead budded with a somewhat random distribution (Fig. 1 E) . In contrast and as expected from previous work, most mitotic cells budded either adjacent to or opposite from the previous division site, with a larger fraction of cells budding at the opposite pole (Chant and Pringle, 1995; Harkins et al., 2001 ). These results demonstrate that during RTG, cells do not maintain the bipolar budding pattern.
A failure to maintain bipolar budding could occur during meiosis or during the starvation conditions used to initiate meiosis. To differentiate between these possibilities, we analyzed bud pattern in cells with a deletion of IME1, a gene required for meiosis initiation. ime1Δ cells were treated with the same starvation conditions used for our RTG analysis. Upon nutrient addition, we found that ime1Δ cells did not bud at random but tended to bud toward the opposite pole (Fig. S1 A) . However, the trend was not as strong as mitotic cells. This is similar to findings from a previous study that showed that starvation and refeeding of diploid cells only somewhat disrupted bipolar budding (Chant and Pringle, 1995) . Therefore, our results suggest that spatial cues that direct bipolar budding in mitosis are not maintained in meiosis.
Polarization, bud formation, and anaphase are delayed during RTG The first step of polarity establishment is the local accumulation of GTP-bound Cdc42 (GTP-Cdc42), which recruits septins, actin, and cell wall material for bud formation (Howell and Lew, 2012) . We analyzed the polarization time of Cdc42 during RTG and mitosis by monitoring cells expressing Gic2-PBD-RFP (the Gic2 p21 binding domain fused to RFP), which acts as a GTPCdc42 biosensor because it specifically binds GTP-bound Cdc42 (Gulli et al., 2000; Okada et al., 2013) . The cells also expressed two proteins tagged with GFP: Zip1, a component of the synaptonemal complex, and Tub1, α-tubulin. Monitoring Zip1-GFP allowed us to detect cells in prophase I because the synaptonemal complex assembles and disassembles in prophase I (White et al., 2004; Scherthan et al., 2007) . Monitoring GFP-Tub1 allowed us to determine the time of anaphase onset based on spindle elongation (Straight et al., 1997; Tsuchiya et al., 2011) . Both proteins were tagged with GFP, but they were distinguishable because they were morphologically and temporally distinct.
During RTG, cells budded 223 ± 20 min (mean ± SD) after nutrient-rich medium production (Fig. 1, F and G) . In mitosis, cells budded 29 ± 10 min after the previous division. In both RTG and mitosis, cells polarized GTP-Cdc42 10-20 min before budding (Fig. 1, F and H) . The longer duration for polarization and budding during RTG could be explained by the requirement for cells to first exit meiosis and then acquire the proteins needed for local accumulation and activation of Cdc42.
After budding, anaphase onset was also slower in RTG when compared with mitosis. During RTG, anaphase onset occurred 315 ± 29 min after nutrient-rich medium introduction, which was 90 min after budding (Table S1 ). In mitosis, cells underwent anaphase 93 ± 16 min after spindle breakdown from the previous anaphase, which was 64 min after budding. Thus, the time from budding to anaphase onset was 30 min longer in RTG than in mitosis. This result was unexpected. In RTG, cells do not rereplicate their DNA after budding, whereas in mitosis, cells undergo DNA replication after budding. Therefore, we expected a faster anaphase onset in RTG compared with mitosis.
A genetic screen identifies genes required for coordination of polarity, bud growth, and nuclear division during RTG The long duration of polarity establishment and anaphase onset during RTG suggested a difference in the coordination of cell cycle regulation and bud growth. We performed a genome-scale screen with the yeast knockout collection (Tong et al., 2001 ) to identify mutants that either underwent anaphase without budding or that had prolonged apical bud growth during RTG. We hypothesized that mutants unable to link bud morphogenesis with cell division may undergo nuclear division without budding and become binucleate. Mutants that fail to efficiently organize their cytoskeleton may prolong apical bud growth in response to the morphogenesis checkpoint and delay cells before the apical-isotropic switch, creating long-budded cells (Howell and Lew, 2012) . We used a series of mating, sporulation, and selection to obtain diploids homozygous for each knockout, for ndt80Δ, and for Zip1-GFP (detailed screen design in Fig. S1 B) . To perform the screen, mutant cells were induced to enter meiosis and arrest at prophase I; nutrient-rich medium was then added to allow cells to return to mitosis and initiate budding (Fig. 2 A) . The cells were then fixed, stained with DAPI, and imaged to identify mutants that were either binucleate (more than one DAPI spot) or long budded. After the primary screen, we verified the results with a knockout in our strain background. We also performed timelapse imaging of normal mitosis and only further investigated mutants that gave unique or enhanced phenotypes in RTG compared with normal mitosis.
The screen identified nine genes that, for ease of discussion, we are calling polarized growth regulators (PGRs). Eight PGR mutants formed long buds during RTG: mih1Δ, clb2Δ, hsl7Δ, hsl1Δ, gin4Δ, nap1Δ, elm1Δ, and cla4Δ. In addition to long buds, gin4Δ and elm1Δ also had binucleate cells. One PGR, swe1Δ, was isolated as a binucleate mutant but with a distinct phenotype from gin4Δ and elm1Δ in that swe1Δ cells failed to bud but underwent nuclear division during RTG, in agreement with our previous work (Tsuchiya and Lacefield, 2013) . Unlike swe1Δ cells, gin4Δ and elm1Δ cells budded but frequently failed to properly divide their nuclei into mother and daughter cells because of spindle positioning defects (see description below).
All the mutants identified in the screen lack proteins that either directly or indirectly regulate CDK activity. Swe1 phosphorylates and inhibits M-CDK during the morphogenesis checkpoint to delay cells at G2 (Booher et al., 1993; Sia et al., 1996) . Mih1 removes the inhibitory phosphate to reactivate M-CDK (Russell et al., 1989; Harvey and Kellogg, 2003) . Clb2 is the major B-type cyclin that activates M-CDK (Surana et al., 1991) . Hsl7, Hsl1, and Elm1 are needed for recruitment of Swe1 to the septin collar for subsequent degradation. In the absence of these proteins, there is an increase in active Swe1 (Barral et al., 1999; Shulewitz et al., 1999; Longtine et al., 2000; Cid et al., 2001; Kang et al., 2016) . Gin4, Nap1, Cla4, and Elm1 regulate septin organization (Longtine et al., 1998a (Longtine et al., , 2000 Sreenivasan and Kellogg, 1999; Bouquin et al., 2000; Weiss et al., 2000; Gladfelter et al., 2004 Gladfelter et al., , 2005 Versele and Thorner, 2004; Asano et al., 2006) . Previous work showed that defects in septin organization cause a Swe1-dependent delay, resulting in prolonged inhibition of M-CDK (Barral et al., 1999) . Although the mutants only caused mild phenotypes during normal mitosis, the phenotypes were exacerbated during RTG, possibly because of increased M-CDK activity (swe1Δ) or decreased M-CDK activity (mih1Δ, clb2Δ, hsl7Δ, hsl1Δ, gin4Δ, nap1Δ, elm1Δ, and cla4Δ).
swe1Δ cells fail to polarize during RTG The only mutant isolated from our screen that failed to bud and became binucleate during RTG was swe1Δ, with 95-98% of cells becoming binucleate as previously shown (Fig. 2 B ; Tsuchiya and Lacefield, 2013) . Fig. 2 B shows the consequence of a binucleate division with the mother cell acquiring an extra nucleus in the next mitotic division after RTG. Because swe1Δ cells did not bud, we analyzed whether they could establish GTP-Cdc42 polarity. Using time-lapse microscopy, we monitored GTP-Cdc42 localization with the Gic2-PBD-RFP biosensor. We found that swe1Δ cells did not polarize GTP-Cdc42 before nuclear division during RTG but did polarize GTP-Cdc42 during the next mitotic cell cycle after RTG ( Table S1 ). In mitosis, mih1Δ cells polarized GTP-Cdc42, budded, and underwent anaphase with similar timing as WT cells (Figs. 1 H and 2, F and G). Overall, these results suggest that RTG requires a more precise temporal regulation of M-CDK activity than mitosis by Swe1 and Mih1. During RTG, the inhibition of M-CDK activity by Swe1 is essential for polarity establishment and budding and to prevent binucleate cells. The timely relief from M-CDK inhibition by Mih1 is also essential to ensure correct timing of anaphase and normal Cdc42 GTPase activity at the bud tip.
PGR mutants have an exacerbated long-bud phenotype and enhanced M-CDK inhibition during RTG Like mih1Δ, the other mutants isolated from our screen had elongated buds during RTG (Fig. 3 A) . Some of the mutants were previously reported to have long-budded cells in a subset of the population during vegetative growth (Fig. 3 B ; Surana et al., 1991; Blacketer et al., 1993; Cvrcková et al., 1995; Kellogg and Murray, 1995; Ma et al., 1996; Altman and Kellogg, 1997) . Thus, we quantified the percentage of long-budded cells in RTG and in mitosis. We also determined the timing of bud formation and anaphase onset in RTG and mitosis (Fig. 3, C and D) . As shown in Fig. 3 C, all mutants budded with similar timing as WT cells in both RTG and mitosis. In contrast, the mutants had a delayed anaphase onset compared with WT cells in RTG (Fig. 3 D and Table S1 ). Notably, the cla4Δ mutant cells were exceptional as they failed to divide for the duration of the video (10 h after nutrient addition). This phenotype was rare during mitosis.
Next, we measured the bud length at anaphase onset in all mutants except cla4Δ, which was measured after 450 min. Each mutant had an increased mean bud length during RTG when compared with WT cells (Fig. 3 E) . Also, the mean bud length for all the mutants except elmΔ was greater in RTG compared with mitosis. In elm1Δ, the mean bud length was similar in mitosis and RTG. We counted the percentage of cells with elongated buds during RTG and mitosis, defining an elongated bud as greater than two SDs from the mean bud length of WT cells. Most of the PGR mutants undergoing RTG had long buds (n = 100; Fig. 3 F) . In mitosis, all mutants except elm1Δ had a smaller proportion of long-budded cells (Fig. 3, E and F ). mih1Δ and clb2Δ cells did not have elongated buds in mitosis. These results demonstrate that except for elm1Δ, the long-bud phenotype of the PGR mutants was exacerbated and more penetrant during RTG than during mitosis.
Analysis of the long-budded cells in RTG showed that some mutants budded more than once from the mother cell before division, a rare phenotype in mitosis (Fig. 4 A and Video 1). The hsl1Δ, gin4Δ, nap1Δ, and cla4Δ mutants reached metaphase (based on spindle length) but then established a new site of polarity and formed another bud before completing cell division. This intriguing behavior suggests a profound loss of coupling between morphogenesis and cell cycle regulation (n = 200; Fig. 4 B) .
The formation of long-budded cells suggests a delayed apical-isotropic switch with prolonged growth directed toward the bud tip. Because Swe1 activity could block this switch by inhibitory phosphorylation of M-CDK, we analyzed each mutant for CDK phosphorylation. We isolated protein at time points after RTG induction and performed Western blots with an antibody against Y19-phosphorylated CDK, the phosphorylation Swe1 specifically puts on CDK. WT cells had peak CDK phosphorylation at 120 min after nutrient addition and then decreased levels (Figs. 4 C and S2 A). As expected, swe1Δ cells did not show Y19-phosphorylated CDK. PGR mutants had a greater extent of phosphorylated CDK than WT cells especially at 270 and 300 min, a time by which mutants are delayed in metaphase while WT cells are entering anaphase (Fig. S2 B) . These results suggest that during RTG, PGR mutants have enhanced Swe1 inhibition of M-CDK, which delays cells in M phase and causes elongated buds. In addition, the results demonstrate that during RTG, M-CDK inhibition by Swe1 starts before bud formation, which does not occur in mitosis (Harvey and Kellogg, 2003; Harvey et al., 2005; Pal et al., 2008; Lianga et al., 2013) . We hypothesize that because Swe1 is active and required for budding during RTG, minor perturbations that increase Swe1 activity could lead to more penetrant and more pronounced defects during RTG than during normal mitosis. Together, these data suggest that a strict temporal regulation of M-CDK activity is essential for normal morphogenesis during RTG.
Some of the PGR mutants have spindle positioning defects during RTG Time-lapse imaging of hsl1Δ, gin4Δ, nap1Δ, elm1Δ, and cla4Δ mutant cells revealed an increased percentage of cells with spindle positioning defects during RTG compared with mitosis (Fig. 5 A) . In WT cells, the spindle elongated across the bud neck (Fig. 5 B) . In the mutants, we found several examples of aberrant spindle positioning: (A) the spindle prematurely migrated into the bud and then elongated back into the mother ( Fig. 5 C) ; (B) the spindle first elongated in the mother and then crossed the bud neck (Fig. 5, D and E) ; and (C) the spindle elongated and broke down in the mother, creating a binucleate mother (Fig. 5 F) . The hsl1Δ, gin4Δ, nap1Δ, and elm1Δ mutants had the largest fraction of cells with mispositioned spindles during RTG. For example, elm1Δ cells mispositioned spindles in ∼30% of mitotic divisions, but this number increased to 75% of RTG divisions, with 56% of cells dividing the nucleus within the mother. Fig. S3 shows the percentage of cells in each class. These data suggest that PGRs ensure proper nuclear migration and genomic stability during RTG. The PGR mutants have septin defects during RTG Gin4, Nap1, Elm1, and Cla4 are involved in septin organization and the mutants to have some septin defects in vegetative cells (Longtine et al., 1998a (Longtine et al., , 2000 Sreenivasan and Kellogg, 1999; Bouquin et al., 2000; Weiss et al., 2000; Gladfelter et al., 2004 Gladfelter et al., , 2005 Versele and Thorner, 2004; Asano et al., 2006) . Because previous work has shown that a G2/M delay can exacerbate minor septin defects (Gladfelter et al., 2005) , we analyzed whether the mutants had enhanced septin defects during RTG. Our analysis also included the mih1Δ, clb2Δ, hsl7Δ, and hsl1Δ mutants. We integrated a construct with CDC3-GFP, a GFPtagged component of the septins in a haploid strain at the LEU2 locus (Okada et al., 2013) . We then mated the haploid to a strain without the Cdc3-GFP construct; the strain therefore had one copy of CDC3-GFP and two copies of the endogenous CDC3. Time-lapse microscopy confirmed that WT cells with the CDC3-GFP construct underwent RTG and mitosis with normal timing and with a single septin collar at the bud neck (Fig. 6, A and B) . The septin collar split into two rings after the cells underwent nuclear division in both RTG and mitosis. A striking difference between the mutants and WT cells is that there were additional septin structures in the buds of all mutants before nuclear division during RTG. In fact, most of hsl1Δ, gin4Δ, nap1Δ, elm1Δ, and cla4Δ cells had additional structures (Fig. 6 , C and D; and Video 2). Only the elm1Δ cells had a high percentage of additional septin structures during mitosis as previously shown (Sreenivasan and Kellogg, 1999) . The most surprising observation was that the mih1Δ, clb2Δ, and hsl7Δ mutants also had additional septin structures. These mutants are not known to have a role in regulating septin organization.
The time-lapse imaging with a deconvolution microscope suggested that some mutants had defective bud-neck septin collars. To better resolve septin structures, we analyzed each mutant with superresolution imaging and counted the percentage of cells with defective bud-neck septin structures in both RTG and mitosis (Fig. 6, E and F) . All septin structures in WT cells appeared normal during RTG and mitosis. In contrast, PGR mutants displayed a range of defects including disorganized, abnormally shaped, and abnormally sized septin collars (Fig. 6 E) . elm1Δ and cla4Δ mutants had a high percentage of cells with defective septin bud-neck structures in both RTG and mitosis. The clb2Δ, hsl1Δ, gin4Δ, and nap1Δ mutants had a significantly higher fraction of cells with defective structures during RTG (Fig. 6 F) . The results from our septin analyses suggest that all mutants except elm1Δ had enhanced septin defects, including additional septin structures in the buds and perturbed bud-neck septin structures during RTG compared with mitosis. Swe1 overexpression causes elongated buds, multiple buds, spindle positioning defects, and septin disorganization during mitosis A feature common among the mutants was that they all showed enhanced inhibitory phosphorylation of CDK by Swe1 and also had enhanced septin defects during RTG (Figs. 4 C and 6, D and F). Therefore, we hypothesized that the prolonged G2/M delay is sufficient to cause septin defects. We also hypothesized that this phenotype was not exclusive to RTG but was revealed in RTG as a result of enhanced Swe1 activity. We tested our hypothesis by asking whether overexpressing Swe1 in otherwise WT mitotic cells would yield the same phenotypes observed with the PGR mutants during RTG.
To overexpress SWE1, we replaced both copies of the SWE1 promoter in diploid cells with the GAL1 promoter and grew cells in galactose-containing medium. The cells grew normally in raffinose-containing medium, which has low P GAL1 -Swe1 expression. In microfluidic chambers, we grew cells in raffinose-containing medium and then flowed in galactose-containing medium as time-lapse imaging was performed. Cells also expressed CDC3-GFP to monitor septin and mCherry-TUB1 to monitor the spindle. We overexpressed Swe1 for 360 min, a time range in which some PGR mutants are initiating anaphase during RTG (Table S1 ). In cells overexpressing SWE1, we observed all phenotypes that we described for the mutants during RTG. First, as expected from previous work, cells with SWE1 overexpression had elongated buds when compared with cells grown in raffinose, with a mean bud length of 22 ± 6 µm (mean ± SD) compared with 4 ± 1 µm in cells without SWE1 overexpression (measured at anaphase onset; Fig. 7 , A-D; and Videos 3 and 4; Booher et al., 1993; Lim et al., 1996; Gladfelter et al., 2005) . Second, after 360 min of SWE1 overexpression, 37% of cells had formed a second bud (Fig. 7 , B and E; and Video 5). Third, the cells showed defective spindle positioning, with the spindle migrating into the bud in 97% of cells after 300 min of SWE1 overexpression (Fig. 7, A, B , and E; and Videos 3 and 5). None of the cells completed anaphase during the duration of the imaging (420 min). Fourth, additional septin structures formed at constrictions within the elongating buds (Fig. 7, A, B , and E). Fifth, superresolution microscopy revealed that 43% of cells had defective septin structures at the bud neck after 360 min of SWE1 overexpression but had normal septin structures at bud formation. Only 2% of cells showed defective bud neck septin structures when SWE1 was not overexpressed (Fig. 7, F and G) . Additionally, the septin structures at the bud neck seemed to become dimmer over time during time-lapse imaging. To further quantitate this result without the possibility of photobleaching, we took individual time points at bud formation and at the metaphase delay (210 min later) and measured mean fluorescence intensity of bud neck septins. The bud neck septin structures became less intense over time when Swe1 was overexpressed (Fig. 7 H) . To determine whether this phenotype also occurs in PGR mutants during RTG, we measured the intensity of bud neck septin structures in hsl1Δ and nap1Δ mutants at bud formation and metaphase delay (210 min later), and we observed a decrease in septin intensity. Superresolution imaging showed that hsl1Δ and nap1Δ mutants also did not have defective bud neck septin structures at bud formation but acquired defects during the metaphase delay (Fig. 1 G) . These results suggest that M-CDK activity is required to maintain the original septin structure at the bud neck during the cell cycle.
Finally, we examined GTP-Cdc42 polarization at the bud tip in cells overexpressing Swe1. In normal mitosis, GTP-Cdc42 polarizes at one cortical site and recruits septins and actin to form a bud (Ziman et al., 1993; Richman et al., 2002; Howell and Lew, 2012; Okada et al., 2013) . We hypothesized that with SWE1 overexpression, GTP-Cdc42 could recruit septins to the bud tip. We monitored Gic2-PBD-RFP (GTP-Cdc42 biosensor) and Cdc3-GFP localization over time. We also monitored spindle position and cell cycle progression with mCherry-Tub1. After prolonged bud tip accumulation of GTP-Cdc42, Cdc3-GFP also appeared colocalized with GTP-Cdc42; a constriction formed, and Cdc3-GFP remained at the constriction while the bud tip elongated with GTP-Cdc42 at the tip. Several cycles of GTP-Cdc42 polarization and septin recruitment continued, forming an elongated bud with septin at the constrictions (Fig. 7 I and Video 6). Overall, these results suggest a model in which an extended G2/M delay with continued apical bud growth leads to prolonged local accumulation of GTP-Cdc42 that recruits septins to the bud tip, producing elongated buds with multiple septin structures. As GTP-Cdc42 and the septins localized to the bud tip, the septin collar at the bud neck was disrupted. Our data demonstrate that a prolonged G2/M checkpoint can be disruptive to the cell, causing defects in cell morphogenesis, spindle positioning, and septin organization.
Discussion
This study analyzed an alternative developmental program in budding yeast called RTG to determine how cells establish polarity and bud from a different cell cycle stage than in a normal mitosis. We focused on cells that enter mitosis from meiotic prophase I because this transition provides a fascinating case study of cell cycle regulation associated with major morphogenetic changes. Cells in prophase I are undergoing meiosis-specific events and lack polarized growth. When the cells reenter mitosis, they establish polarity and initiate budding from G2. Therefore, the cells bud after DNA replication but before nuclear division. This order of events is in contrast with that of normal mitosis in which cells establish polarity and form a bud in G1 before DNA replication (Howell and Lew, 2012) .
We found that during RTG, cells ensure normal morphogenesis through careful regulation of CDK activity by the Swe1 kinase, which phosphorylates and inhibits CDK, and the Mih1 phosphatase, which removes the inhibitory phosphorylation (Russell et al., 1989; Booher et al., 1993) . Premature M-CDK activity during RTG in swe1Δ cells results in a failure to polarize and bud before nuclear division, causing binucleate polyploid cells ( Fig. 2 ; Tsuchiya and Lacefield, 2013). However, prolonged M-CDK inhibition during RTG in mih1Δ cells results in abnormally long buds. These phenotypes are characteristics of RTG; they do not occur in swe1Δ and mih1Δ cells during a normal mitosis ( Fig. 2; Russell et al., 1989; Booher et al., 1993) . Therefore, in RTG, Swe1 and Mih1 have essential roles in regulating the duration of G2/M to establish cell polarity and for normal morphogenesis, respectively.
Prolonged Swe1 activity causes exacerbated morphological defects and abnormal nuclear migration in RTG compared with mitosis Our genetic screen uncovered eight PGRs that affected cell morphology during RTG. The mutants also had novel and more penetrant phenotypes during RTG when compared with mitosis. Seven mutants had enhanced elongated buds during RTG when compared with mitosis: mih1Δ, clb2Δ, hsl7Δ, hsl1Δ, gin4Δ, nap1Δ, and cla4Δ (Fig. 3) . Additionally, one mutant, elm1Δ, had elongated buds in both mitosis and RTG but displayed more spindle positioning defects in RTG (Figs. 3 and 5) . hsl1Δ, gin4Δ, and nap1Δ also had spindle position defects, which could be caused by defective bud neck septin structures. Previous work has shown that microtubules interact with the bud neck and that septins and septin-regulatory kinases ensure proper spindle positioning and nuclear migration (Kusch et al., 2002) . The hsl1Δ, gin4Δ, nap1Δ, and cla4Δ cells produced multiple elongated buds from the mother cell before dividing, a rare phenotype in mitosis (Fig. 4) . The cla4Δ mutants failed to divide during the duration of the experiment, suggesting that Cla4 is essential for RTG. The enhanced severity of this phenotype when compared with the other mutants can be explained by the fact that Cla4 is an upstream regulator of septin assembly and of some of the septin-regulating genes such as Gin4 (Mortensen et al., 2002;  Septins were imaged at early bud formation and at metaphase delay (400 min after nutrient addition for hsl1Δ and nap1Δ; 360 min after SWE1 induction; n = 50 each). Septins in a culture without Swe1 overexpression were imaged at log phase (n = 50 each). Differences are statistically significant (Two-tailed Fisher's exact test; P < 0.0001). (H) Mean fluorescence intensity of Cdc3-GFP at the bud neck measured at bud formation and at a metaphase delay (210 min later) for hsl1Δ, nap1Δ, and Swe1 overexpression (error bars indicate SEM). WT control cells were imaged in early log phase and 210 min later (n = 30 each). (D and H) Differences were statistically significant (Mann-Whitney test with computation of two-tailed exact p-value; ****, P < 0.0001) unless marked ns. (I) Time-lapse images of persistent GTP-Cdc42 localization at the bud tip and subsequent recruitment of septins in a cell overexpressing Swe1 during mitosis with time in minutes after galactose induction. White arrows indicate Gic2-PDB-RFP localization; blue arrows indicate mCherryTub1. Bars: (A-C and I) 3 µm; (F) 1 µm. Dobbelaere et al., 2003; Gladfelter et al., 2004; Kadota et al., 2004; Sakchaisri et al., 2004; Versele and Thorner, 2004) . Cla4 also has a role in Swe1 inactivation (Sakchaisri et al., 2004) .
Sustained morphogenesis checkpoint activity in mitosis causes perturbed septin structures Why are there additional and exacerbated morphogenesis defects during RTG compared with mitosis? Our data show that this is likely caused by enhanced Swe1 activity. During RTG, perturbations that led to lower M-CDK activity (clb2Δ and mih1Δ) or enhanced Swe1 activity because of septin disruption or Swe1 inactivation (hsl7Δ, hsl1Δ, gin4Δ, nap1Δ, elm1Δ, and cla4Δ) led to protracted Swe1-dependent M-CDK down-regulation (Figs. 3 and  4) . Previous work from Gladfelter et al. (2005) showed that minor perturbations in septin organization could be exacerbated by prolonged Swe1 activity. Therefore, in the gin4Δ, nap1Δ, elm1Δ, and cla4Δ mutants, defects in septins could be exacerbated during RTG because of prolonged Swe1 activity.
In addition, our results demonstrate that prolonged Swe1 activity alone, without underlying septin defects, is sufficient to perturb septin organization and localization. Mutants including clb2Δ, mih1Δ, and hsl7Δ, which have no known roles in septin organization, also had septin defects during RTG (Fig. 6) . We hypothesized that if a prolonged G2/M delay could cause the disruption of septin structures and additional septin structures in RTG, the delay could also cause these defects in mitosis. To test this hypothesis, we overexpressed Swe1 in mitotic cells and examined septin collars with time-lapse imaging and superresolution microscopy. Indeed, we found that prolonged G2/M delay led to additional septin structures in the elongated bud and disrupted bud neck septin collars (Fig. 7) . Furthermore, GTP-Cdc42 was localized at the tip of the elongated buds.
From our results, we conclude that a lengthy delay at G2/M perturbs septin organization. This result was unexpected because checkpoints normally delay the cell cycle to allow additional time to correct errors, whereas prolonged morphogenesis checkpoint activity resulted in septin perturbation. Furthermore, the formation of additional septin structures and continued polarized growth could suggest that the cells are in a process of rebudding without undergoing cell division. The continuation of cell cycle events without the completion of other events is counter to the classical definition of a checkpoint in which control mechanisms establish dependencies on the completion of other cell cycle events (Hartwell and Weinert, 1989) .
Our data support the model of a feedback loop in which a G2/M delay causes septin defects, which further delays G2/M because the septin defects lead to increased Swe1 activity. Our results demonstrate that a Swe1-dependent delay causes elongated buds with prolonged localization of GTP-Cdc42 at the bud tip. Because GTP-Cdc42 recruits septins at the cortical bud site, we propose that with increased Swe1 activity, GTP-Cdc42 recruits the septins ectopically to the bud tip. This is supported by the time-lapse imaging of WT cells overexpressing SWE1 in mitosis in which we saw Cdc3-GFP localize to the GTP-Cdc42 biosensor accumulated at the bud tip ( Fig. 7 I and Video 6). Furthermore, the G2/M delay also led to the disruption of septin organization at the bud neck, with dimmer and disorganized structures over time (Fig. 7, F-H) . Thus, the disruption of the septins could feed back to prolong Swe1 activity. This in turn would lead to an extended G2/M delay and further exacerbate the defects. In conclusion, our results reveal that prolonged activation of a G2/M checkpoint can be detrimental to the cell instead of beneficial.
Materials and methods

Strains and manipulations
Strains used in this study are derivatives of W303 (listed in Table S2 ). SWE1 promotor swaps and gene deletions were made using standard PCR-based transformation methods (Longtine et al., 1998b; Janke et al., 2004; Sheff and Thorn, 2004) . For gene deletions, we amplified the KanMX deletion cassette using short oligonucleotides that annealed upstream and downstream of the target gene from genomic DNA of mutant strains from the yeast knockout collection (Tong et al., 2001) . To delete HSL7, we amplified the HphMX deletion cassette using oligonucleotides that harbored homology sequences flanking the HSL7 ORF. To swap the SWE1 promotor with the GAL1 promotor, we amplified the GAL1 promotor sequence from a plasmid (pYM-N23) with oligonucleotides that harbored homology sequences to target the PCR product at the SWE1 promotor locus. Manipulation was confirmed by PCR. To tag ZIP1 with GFP, a plasmid (pHW122) carrying ZIP1 -GFP: URA3 was linearized with HpaI and integrated into the ZIP1 locus (plasmid provided by D. Kaback, Rutgers New Jersey Medical School, Newark, NJ; Scherthan et al., 2007) . The URA3 was looped out and selected for on 5FOA. Plasmids containing GFP-TUB1 (pAFS125 linearized with StuI, provided by A. Murray, Harvard University, Cambridge, MA), mCherry-TUB1 (pLB74 linearized with XbaI), GIC2-PBD-RFP (YIp211-GIC2PBD(W23A)-RFP linearized with ApaI, provided by E. Bi, University of Pennsylvania, Philadelphia, PA), and CDC3-GFP (YIp128-CDC3-GFP linearized with BglII, provided by E. Bi) were integrated into the genome at ura3, TUB1, ura3, and leu2, respectively. Insertions were confirmed by fluorescence microscopy.
Oligonucleotide sequences
For gene deletion (forward and reverse), we used: NDT80, 5′-CTT GGA GGG CAA AGT GTC AG-3′ and 5′-CAG CAG TGT CAA GCC AAA TGC-3′; MIH1, 5′-AGA GCA GTG GAC AAA CCA GG-3′ and 5′-GAT GTT GTT GCC GTT CGG TTC-3′; SWE1, 5′-GTC TTC CAT CCT TCC CTT-3′ and 5′-GAA CAT TGG CGT GCC CC-3′; CLB2, 5′-TGA AGC GGT TCT TTG ATT GAGC-3′ and 5′-GTC TAC CCT CGC TAC ATG CA-3′; HSL7, 5′-TTT TAT ACA TAT AAT TTT TAT ATA TAC AAA GGG TTC AGT TTG CAT CGT ACG CTG CAG GTC GAC-3′ and 5′-TGG ATA GTT ATT TGT TGC CGC AGT ATA TAG TAT ACA ATG CAG AAT ATC GAT GAA TTC GAG CTCG-3′; HSL1, 5′-AAC GAC ATA GAT TTG CGG GAC-3′ and 5′-CTT TCC TTC GTG TCT CAT GTC TC-3′; GIN4, 5′-CGC GAA ATA TCA ACG GCC AC-3′ and 5′-CTT CTT GTC GGC CTC ATT GTT CAT-3′; NAP1, 5′-ACA AGT TGG TGG GAA ATG AGC-3′ and 5′-GTC GTC TTA GTT ACA TGC GCTT-3′; ELM1, 5′-ACA ATG CAA CAG TCT CTA GTCC-3′ and 5′-GCT AAC CCA ATC CGA CAG ATAT-3′; and CLA4, 5′-ATT CCT GGT GGT TTC TTT GGTG-3′ and 5′-GAA GCT GAA GCA TGG ACG AATA-3′.
For SWE1 promotor swap (forward and reverse), we used: 5′-CGC TCA CGA TGA CCT GCA GGA TTT TTC TCT TCT TTA ACC TAA  TCA GCA TTC GTA CGC TGC AGG TCG AC-3′ and 5′-TCC GTG TCC AGC ATT TCG AAG TCC TCT TCA TCC TCG TCC AAA GAA CTC ATC GAT GAA TTC TCT GTCG-3′.
Screen
The screen was performed as described in Fig. S1 .
Growth conditions
For RTG experiments, cells were grown to saturation in YPD (1% bacto-yeast extract, 2% bactopeptone, and 2% glucose) at 30°C, transferred to YPA (1% yeast extract, 2% bactopeptone, and 1% potassium acetate) for 12-16 h at 30°C, and then incubated at 25°C in 1% potassium acetate for 10-12 h. They were then induced to return to mitosis by transfer to Synthetic Complete (SC) medium (0.67% bacto-yeast nitrogen base without amino acids, 0.2% dropout mix with all amino acids, and 2% glucose; Tsuchiya and Lacefield, 2013) . For mitosis experiments, cells were grown in YPD or SC medium. To overexpress SWE1, cells with GAL1 promoted SWE1, were grown in raffinose overnight, and then were transferred to SC galactose medium (2% galactose). For budding pattern experiments, cells were grown in SC medium with 0.5 µg/ml of calcofluor (Sigma-Aldrich).
Microscope image acquisition, time-lapse microscopy, fluorescence measurement, and image processing Four microscope systems were used for this study. During the primary screen, cells were fixed with 4% paraformaldehyde, stained with DAPI, resuspended in PBS, and imaged at room temperature using a Pathway 855 BioImager (BD) equipped with an ORCA charge-coupled device camera and a 60× oil objective (Plan Apochromat-N, 1.4 NA; Hamamatsu Photonics). The exposure time was 10-100 ms. During the secondary screen, cells were loaded on a coverslip and under an agar pad containing SC medium; they were then imaged at room temperature in RTG and in mitosis with a DeltaVision pDV microscope (Applied Precision, Ltd.) equipped with a CoolSNAP HQ2/HQ2-ICX285 camera using a 60× oil objective (U-Plan S-Apochromat-N, 1.4 NA). The cells harbored an mCherry or a GFP tag fused to the TUB1 gene to visualize the spindle or an RFP tag fused to Gic2-PBD to visualize active Cdc42. A GFP tag was also added to the ZIP1 gene to visualize the synaptonemal complex and to the CDC3 gene to visualize septins (See the Strains and manipulations section). Images were acquired using SoftWoRx software (GE Healthcare).
During time-lapse imaging on DeltaVision, five z steps (0.8 µm) were acquired every 10 min for 8-10 h in RTG and for 6 h in mitosis. The exposure time was 200-500 ms with neutral density filters transmitting 2-32% of light intensity. Calcofluor-stained cells were also imaged at room temperature with the DeltaVision in liquid SC medium in a chamber mounted on a coverslip coated with Concanavalin A (Sigma-Aldrich). Cells overexpressing SWE1 in mitosis were imaged live at 25°C with a Ti-E inverted-objective microscope (Nikon) equipped with CoolSNAP HQ2 chargecoupled device camera and a 60× oil objective (Plan Apochromat VC, 1.4 NA) using an ONIX microfluidics system (EMD Millipore). Control cells were imaged in SC medium with 2% raffinose, and cells overexpressing SWE1 were imaged in SC medium with 2% galactose. Images were acquired with NIS Elements AR software (Nikon). Five z steps (1.2 µm) were acquired every 10 min for 7 h. The exposure time was 500-800 ms with 8-16 neutral-density filters. Maximum-intensity projections were performed to obtain the final images presented in this article.
Structural illumination microscopy (OMX 3D-SIM superresolution system; GE Healthcare) was used to image bud-neck septin structures of cells growing in SC medium. Cells were loaded (without fixation) under an agar pad containing SC medium on a slide coated with Concanavalin A, and they were imaged at room temperature using a 100× oil objective (U-Plan S-Apochromat, 1.4 NA). Images were acquired by the DeltaVision OMX software using a Photometrics Cascade II electron-multiplying charge-coupled device camera. Raw images were reconstructed using the OMX SI Reconstruction tool in SoftWoRx.
All images were processed using ImageJ (National Institutes of Health). Fluorescence images presented in this study show maximum projections from multiple z series. Brightness and contrast were adjusted on entire images to balance multiple fluorescence colors. To measure Cdc3-GFP fluorescence intensity, cells were taken from SC culture tubes at different time points and mounted (without fixation) on a coverslip under an agar pad also containing SC medium. Images were then acquired on the pDV DeltaVision microscope with a 40× objective (U-Plan Apochromat, 0.9 NA; Olympus). Three z sections were taken for each image, and fluorescence intensity was measured from a sum of the z sections using ImageJ.
To assess the budding pattern, ImageJ software was used to measure the budding angle. A fit circle was drawn along the cell's circumference. The line tool was then used to draw a square with four corner points on the fit circle. Two diameters of the fit circle were drawn such that they pass through the corner points of the square and so intersect at center of the fit circle. The diameter intersection point was considered the approximate center of the cell. The angle tool was then used to measure the central angle between the previous and the nascent division sites, which were marked with calcofluor. To measure the bud lengths, the ImageJ line tool was used to draw a straight line from the bud neck to the bud tip. The measure of the length of this line was taken as the approximate length of the bud.
Western blots
After transferring the cells to SC medium to induce RTG, protein extraction was performed every 30 min for a total of 300 min. Harvested cells were vortexed vigorously (6 × 30-s vortex followed by 30 s incubation on ice) in the presence of 0.1-mm glass beads in PME (0.1 M Pipes, 0.001 M MgSO 4 , and 0.002 M EGTA) and buffer at 4°C. Protease inhibitors (Roche) were added to the PME buffer before mixing with the cells. The extracts were then boiled for 5 min at 96°C in GSD (30% glycerol, 6.6% sodium dodecyl sulfate, and 0.05% DTT) sample buffer. Boiled extracts were centrifuged for 2 min at 14,000 rpm, and proteins were collected in the supernatant and stored at −80°C. Western blot analysis was performed using a rabbit anti-Cdc2 phosphotyrosine (1:1,000; AB3241-25UL; EMD Millipore) and a mouse anti-phosphoglycerate kinase 1 (PGK1; 1:10,000; 459250; Novex Life Technologies). The secondary antibodies were goat anti-rabbit (1:3,000) and goat anti-mouse (1:5,000) IgG ECL antibodies linked to HRP (GE Healthcare). Three independent replicate experiments were performed, and the band signal intensity was measured using ImageJ.
Statistical analysis
All statistical analyses were performed using Prism (GraphPad Software). Statistical analysis of the timing of GTP-Cdc42 accumulation, bud formation, and anaphase onset as well as of bud length and fluorescence intensity was done using an unpaired, nonparametric Mann-Whitney test with computation of two-tailed exact p-values. Compared data were entered into grouped-format tables with individual data values entered into subcolumns. The number of data points (n) is indicated in the figure legends. To analyze the data presented as percentages, we used the two-sided Fisher's exact test. Individual percentages were computed into Excel spreadsheets (Microsoft) and entered into Prism contingency tables. The number of cells analyzed in every experiment is indicated in the figure legends. Difference among compared data was considered statistically significant if the p-value was <0.05.
Online supplemental material Fig. S1 shows bud site selection and detailed screen design. Fig.  S2 shows duplicates and quantification of Western blots, showing enhanced M-CDK phosphorylation in the mutant strains. Fig. S3 shows quantification of the spindle positioning defects observed during mitosis and RTG. Table S1 shows time of bud formation and anaphase onset in RTG and mitosis. Table S2 shows yeast strains used in this study. Video 1 shows multiple budding in a cla4Δ cell (GFP-Tub1, spindle). Video 2 shows septin-aberrant localization to the bud of an elm1Δ cell (Cdc3-GFP, septins; mCherry-Tub1, spindle). Video 3 shows septin-and spindle-aberrant localization to the bud of a cell overexpressing SWE1 (Cdc3-GFP, septins; mCherry-Tub1, spindle). Video 4 shows normal septin localization at the bud neck in a WT cell (Cdc3-GFP, septins; mCherry-Tub1, spindle). Video 5 shows multiple buds and aberrant septin localization in a cell overexpressing SWE1 (Cdc3-GFP, septins; mCherry-Tub1, spindle). Video 6 shows septins following active Cdc42 at the tip of an elongating bud of a cell overexpressing SWE1 (Cdc3-GFP, septins; mCherry-Tub1, spindle; Gic2-PBD-RFP, active Cdc42).
